Mitotic catastrophe is an important oncosuppressive mechanism that senses mitotic failure and responds by driving the cell to an irreversible fate of death or senescence.^[@bib1],\ [@bib2]^ Three types of mitotic catastrophe pathways have been described following aberrant mitosis, and include mitotic cell death induced in the presence of elevated cyclin B1, cell death in interphase following mitotic exit and finally, cell senescence.^[@bib1],\ [@bib3]^ All types of mitotic catastrophe originate from mitotic perturbations and are accompanied by mitotic arrest; however, the molecular components that link prolonged mitosis to the cell death machinery remain largely unknown.^[@bib4]^ Characterisation of the individual pathways of mitotic catastrophe will improve our understanding of cancer biology and uncover novel therapeutic targets.

Cyclin-dependent kinase 1 (Cdk1) and polo-like kinase 1 (Plk1) are the major mitotic serine/threonine kinases required for the timely progression through mitosis. Cdk1 forms a bipartite complex with cyclin B1 and regulates mitotic entry. Cdk1 is a proline-directed kinase that phosphorylates substrates at serine or threonine residues that immediately precede proline.^[@bib5]^ Plk1 co-ordinates a variety of cell division processes including centrosome maturation, recruitment of important mitotic spindle components and cytokinesis.^[@bib6],\ [@bib7]^ Plk1 contains a regulatory polo box domain that has strong affinity for pSer-Pro and pThr-Pro motifs and controls localisation to substrates.^[@bib8]^ Overexpression of Plk1 has a pro-survival role in tumourigenesis^[@bib9],\ [@bib10]^ and its depletion leads to apoptosis.^[@bib11],\ [@bib12]^ In contrast, contradictory reports highlight a tumour-suppressive role for Plk1 in certain tumours^[@bib13],\ [@bib14]^ and phosphorylation by Plk1 induces the tumour-suppressive activity of FADD.^[@bib15]^

Protein tyrosine phosphatase 1B (PTP1B) is a ubiquitously expressed member of the protein tyrosine phosphatase (PTP) superfamily that regulates protein phosphorylation status by antagonising tyrosine kinases. Thus, PTPs such as PTEN act as important tumour suppressors; however, more recently an oncogenic role has also been reported for some PTPs.^[@bib16]^ PTP1B itself acts in a pro-apoptotic manner during cell death induced by serum starvation of immortalised neonatal hepatocytes and hypoxia/reoxygenation stress of rat cardiomyocytes.^[@bib17],\ [@bib18]^ Furthermore, PTP1B suppresses STAT6 oncogenic activity^[@bib19]^ and is a positive regulator of Bim transcription.^[@bib20]^ Conversely, PTP1B is a positive regulator of src and ras signalling and is required for Her2/neu-induced neoplasia.^[@bib21],\ [@bib22],\ [@bib23]^ Moreover, conflicting reports suggest that PTP1B is both a negative and positive regulator of the Bcr--Abl oncogene in chronic myelogenous leukemia.^[@bib24],\ [@bib25],\ [@bib26]^ Overall, these reports reveal a role for PTP1B in cell survival and cell death pathways. However, the precise function and regulation of PTP1B in tumourigenesis is poorly understood.

In this study we have identified PTP1B as a substrate for the co-ordinate phosphorylation by Cdk1 and Plk1 during mitotic arrest. Moreover, we have characterised the phosphorylation residues involved, and reveal that phosphorylation on serine 286 enhances PTP1B phosphatase activity and confers death promoting activity in CML cells. Thus, this study shows that the sustained phosphorylation of PTP1B by mitotic kinases during mitotic arrest promotes its tumour suppressor function and provides new insight into the molecular mechanism of mitotic catastrophe.

Results
=======

PTP1B is localised at the ER and mitochondrion in CML cells and undergoes phosphorylation following treatment with Taxol and Nocodazole
---------------------------------------------------------------------------------------------------------------------------------------

Microtubule-targeting agents (MTAs) such as Nocodazole or Taxol induce mitotic catastrophe, following protracted mitotic arrest that ultimately leads to death of tumour cells, which is often associated with the intrinsic pathway.^[@bib27],\ [@bib28]^ DiGE analysis of protein alterations during mitotic arrest induced by Nocodazole or Taxol in K562 cells revealed the altered abundance of full-length PTP1B at the mitochondria (data not shown). Herein, it is shown that PTP1B undergoes a dose- and time-dependent phosphorylation upon MTA treatment, which is apparent by a shift in protein mobility ([Figures 1a and b](#fig1){ref-type="fig"}). PTP1B phosphorylation correlates with the accumulation of cells in G2/M phase of the cell cycle and precedes the induction of death induced by Nocodazole and Taxol ([Figure 1c](#fig1){ref-type="fig"}).

The subcellular localisation of PTP1B was examined in CML cells. Mitochondrial, microsomal and cytosolic protein was isolated by subcellular fractionation and subjected to SDS-PAGE and western blot analysis. Results show that full-length PTP1B is localised to the ER and mitochondria in K562 cells, but is absent from the cytosol ([Figure 1d](#fig1){ref-type="fig"}). ER localisation of PTP1B has been previously reported in mammalian cells,^[@bib29]^ however, mitochondrial localisation is only reported in rat brain.^[@bib30]^ The absence of the calnexin from the mitochondrial fractions highlights the purity of the fractions. Furthermore, the mitochondrial localisation of PTP1B was confirmed by co-localisation of exogenously expressed EGFP--PTP1B and MitoTracker Fluor in K562 cells ([Figure 1e](#fig1){ref-type="fig"}). Thus, we report that in addition to the ER, PTP1B resides at the mitochondrion in mammalian cells.

Finally, to confirm that the shift in mobility observed in PTP1B was due to phosphorylation, mitochondrial protein was isolated from K562 cells following treatment with either vehicle (DMSO (0.1% v/v)) or Taxol (1 *μ*M) for 12 h, and incubated with calf intestinal phosphatase (CIP). The phosphatase reaction was carried out at 37 °C in the absence or presence of the phosphatase inhibitor, Na~3~VO~4~. It was found that CIP completely inhibited the mobility shift of PTP1B induced by Taxol treatment, which was blocked by Na~3~VO~4~, confirming that mitochondrial PTP1B undergoes phosphorylation following MTA treatment ([Figure 1f](#fig1){ref-type="fig"}).

PTP1B phosphorylation is blocked by BI2536 and RO-3306 treatment during mitosis
-------------------------------------------------------------------------------

Cells were synchronised at the G1/S border using a double thymidine block and treated with Taxol (1 *μ*M) to allow accumulation in mitosis. At the indicated times, cells were treated with BI2536 (1 *μ*M), CK2 inhibitor (20 *μ*M) and RO-3306 (9 *μ*M) for 2 h, to specifically inhibit Plk1, casein kinase 2 and Cdk1, respectively, and the effect on PTP1B phosphorylation was investigated. Phosphorylation of BubR1 is an early event during mitosis.^[@bib31]^ Consistent with this, BI2536 blocked BubR1 phosphorylation when added 10 or 11 h post-thymidine release, which indicates early mitosis. However, BI2536 did not prevent BubR1 phosphorylation when tested 12 h post-thymidine release, revealing that BubR1 phosphorylation had already taken place. In addition, RO-3306 prevents the phosphorylation of Bim and BubR1 at 10 and 11 h, as previously described.^[@bib28],\ [@bib31]^ Inhibition of Plk1 or Cdk1 using these inhibitors blocks the phosphorylation of PTP1B during mitotic arrest, whereas inhibition of casein kinase 2 does not ([Figure 2a](#fig2){ref-type="fig"}). Collectively, these data implicate Cdk1 and Plk1 as potential PTP1B kinases.

Cdk1/cyclin B directly interacts with PTP1B and phosphorylates it on serine 386
-------------------------------------------------------------------------------

A potential role for Cdk1 in the phosphorylation of PTP1B was investigated directly by co-immunoprecipitation and kinase assays. Firstly, endogenous PTP1B was immunoprecipitated from cell lysates prepared from interphase and mitotic K562 cells and examined for the presence of Cdk1 by western blot. It was found that Cdk1 co-immunoprecipitates with PTP1B in mitotic cells, however, not in interphase cells ([Figure 2b](#fig2){ref-type="fig"}). In each case, a portion of the K562 lysate (10%) was retained and probed for PTP1B to confirm immunoprecipitation. This data demonstrates that Cdk1 and PTP1B specifically interact in mitotically arrested cells. Next, an *in vitro* kinase assay was performed, whereby purified PTP1B was incubated with increasing concentrations of recombinant Cdk1/cyclin B1 (0, 110, 230, 460 ng) for 1 h at 30 °C in the presence of ATP (100 *μ*M) and 2 *μ*Ci of \[*γ*-^32^P\] ATP. The reaction was terminated and proteins were resolved by SDS-PAGE and visualised by Coomassie Brilliant blue (CBB) staining. Analysis of *γ*-^32^P incorporation revealed that PTP1B is phosphorylated by recombinant Cdk1/cyclin B1 in a dose-dependent manner ([Figure 2c](#fig2){ref-type="fig"}).

PTP1B contains a putative proline-directed phosphorylation site at serine 386. A kinase assay was performed using two PTP1B mutants, S386A and S386E, generated by site-directed mutagenesis. Specifically, the active recombinant Cdk1/cyclin B was unable to phosphorylate the non-phosphorylatable S386A mutant or the phosphomimetic S386E mutant ([Figure 2d](#fig2){ref-type="fig"}). Furthermore, PTP1B contains a cyclin-binding domain *RILEP* at residues 315--319, which acts as a docking site for cyclin binding. Mutation of L317 within the cyclin-binding motif to L317G abolished the phosphorylation of PTP1B ([Figure 2d](#fig2){ref-type="fig"}). Normalised values are presented in [Figure 2e](#fig2){ref-type="fig"}. Collectively, this data reveals that cyclin binding to PTP1B facilitates its direct phosphorylation by Cdk1 on serine 386.

Plk1 phosphorylates PTP1B, following a priming phosphorylation by Cdk1
----------------------------------------------------------------------

The Plk1 inhibitor BI2536 blocked PTP1B phosphorylation in K562 cells, therefore, its candidature as a novel Plk1 substrate was investigated. PTP1B was immunoprecipitated from mitotically-synchronised K562 cell lysates as before and immunoprecipitated protein was resolved by SDS-PAGE and probed for Plk1. Results in [Figure 3a](#fig3){ref-type="fig"} highlight that Plk1 co-immunoprecipitates with endogenous PTP1B in mitotic K562 lysates. A reverse immunoprecipitation was performed and PTP1B was found to co-immunoprecipitate with Plk1 from mitotic K562 cells ([Figure 3b](#fig3){ref-type="fig"}). In both cases, 10% of immunoprecipitated lysates were used to confirm the immunoprecipitation of PTP1B and Plk1, respectively.

Next, the ability to Plk1 to directly phosphorylate PTP1B *in vitro* was examined. PTP1B was incubated in a kinase assay with increasing concentrations of recombinant Plk1 for 1 h at 30 °C as before. However, in contrast to Cdk1, Plk1 did not phosphorylate wild-type (WT) PTP1B *in vitro*. CBB staining was used to confirm the presence of Plk1 and PTP1B in the reaction tubes ([Figure 3c](#fig3){ref-type="fig"}). As a positive control, recombinant Plk1 was found to readily phosphorylate Cdc25C *in vitro* ([Figure 3c](#fig3){ref-type="fig"}). Thus, this data suggests two possibilities. The first is that Plk1 does not directly phosphorylate PTP1B. Alternatively, Plk1 may require a priming reaction to facilitate PTP1B binding and phosphorylation. Based on the finding that PTP1B and Plk1 co-immunoprecipitate in CML lysates, and that Cdk1 binds to and phosphorylates PTP1B, together with literature reports that Cdk1 cooperates with Plk1 to phosphorylate substrates,^[@bib31],\ [@bib32],\ [@bib33],\ [@bib34],\ [@bib35]^ the latter hypothesis was favoured.

To test this possibility a two-step kinase assay was set up as outlined in [Figure 3d](#fig3){ref-type="fig"}, whereby purified PTP1B was incubated with either Cdk1 or Plk1 for 1 h in the presence of cold ATP. The kinase was heat inactivated and the substrate was co-incubated with either Plk1 or Cdk1 in a second kinase reaction. Protein was resolved by SDS-PAGE and visualised by CBB staining. Analysis of *γ*-^32^P incorporation revealed that while Plk1 does not phosphorylate PTP1B in a single kinase assay, it does phosphorylate PTP1B following a priming phosphorylation by Cdk1 ([Figure 3d](#fig3){ref-type="fig"}). PTP1B was not phosphorylated when Plk1 was omitted in the second kinase reaction, confirming that the phosphorylation is not due to residual Cdk1 activity (data not shown).

Phosphorylation of PTP1B on serine 386 is essential for Plk1 phosphorylation
----------------------------------------------------------------------------

We have shown that serine 386 on PTP1B represents a proline-directed Cdk1 phosphorylation site. To determine if phosphorylation on serine 386 is the residue that primes for Plk1 phosphorylation of PTP1B, purified PTP1B protein (WT, S386A and S386E) was incubated with recombinant Plk1 in a single-step kinase assay as before. The WT PTP1B protein and non-phosphorylatable S386A mutant are not phosphorylated by Plk1. However, the phosphomimetic S386E mutant can be phosphorylated by Plk1 ([Figure 4a](#fig4){ref-type="fig"}). Cdc25C was included as a positive control. Thus, these data confirm that the phosphorylation of PTP1B by Cdk1 at serine 386 is a necessary and sufficient priming step for the subsequent phosphorylation by Plk1.

Plk1 phosphorylates PTP1B at serine 286 and 393
-----------------------------------------------

Plk1 binds to a consensus sequence D/E-X-pS/pT-o-X-D/E, where o is a hydrophobic amino acid. Two consensus sequences have been identified within PTP1B located at residues *283-GDSSVQD-289* and *390-GEPSLPE-396*, thus serine 286 and 393 are putative Plk1 phosphorylation sites. To investigate the role of serine 286 and 393 as Plk1 phosphosites, non-phosphorylatable S286A and S393A mutants together with a S286A/S393A double mutant were constructed by site-directed mutagenesis. Purified protein was incubated in a two-step kinase assay, whereby WT PTP1B or the PTP1B mutants were pre-incubated with recombinant Cdk1/cyclin B1 for 1 h in a priming reaction followed by incubation with recombinant Plk1 in the second kinase reaction. The amount of *γ*-^32^P incorporated in WT PTP1B and the three mutants was determined by autoradiography and a representative image is shown in [Figure 4b](#fig4){ref-type="fig"}. Normalised values from triplicate experiments are presented in [Figure 4c](#fig4){ref-type="fig"}. In comparison to WT PTP1B, the ability of Plk1 to phosphorylate the S286A and S393A mutants *in vitro* was greatly reduced. Moreover, the most significant reduction of phosphorylation was detected with the double mutant. This novel data reveals that Plk1 phosphorylates PTP1B at serine 286 and 393, following a priming phosphorylation by Cdk1.

Phosphorylation of PTP1B on serine 286 enhances its phosphatase activity and promotes mitotic cell death
--------------------------------------------------------------------------------------------------------

The functional significance of PTP1B phosphorylation on serine 286 and 393 during mitotic arrest was investigated. K562 cells were transfected with empty vector or WT PTP1B, as well as single and double mutants (S286, S393A, S286A/S393A). Twenty-four hours post transfection, the cells were treated with DMSO, Nocodazole or Taxol (1 *μ*M) for 24 h, and the extent of cell death was determined by flow cytometry following propidium iodide staining. The expression of WT and mutant PTP1B was confirmed by western blotting ([Figure 5a](#fig5){ref-type="fig"}). Expression of WT PTP1B alone induces cell death in vehicle-treated cells ([Figure 5b](#fig5){ref-type="fig"} compare Empty and WT), and cell death is potentiated following treatment with Nocodazole ([Figure 5c](#fig5){ref-type="fig"}) or Taxol ([Figure 5d](#fig5){ref-type="fig"}) for 24 h. Moreover, mutation of the S286 residue abrogates the cell death induced by PTP1B in the absence and presence of Nocodazole or Taxol ([Figures 5b--d](#fig5){ref-type="fig"}). However, overexpression of the S393A mutant induces cell death in a manner indistinguishable from WT PTP1B. These results reveal that phosphorylation of PTP1B on serine 286 is important for the induction of cell death in K562 cells following prolonged arrest.

Finally, we examined whether the cell death exerted by PTP1B was due to enhanced phosphatase activity. The phosphatase activity of purified WT PTP1B and S286E, S393E, S286E/S393E mutants was determined by substrate dephosphorylation using recombinant Cdc25C as a control. Phosphorylation of PTP1B at serine 286 significantly increases its phosphatase activity, whereas phosphorylation at serine 393 does not ([Figure 5e](#fig5){ref-type="fig"}). Overall these results reveal that the phosphorylation of PTP1B on serine 286 is important for PTP1B phosphatase activity and the induction of mitotic cell death.

Discussion
==========

Mitotic catastrophe is an important mechanism that senses and responds to mitotic failure by driving cells to an irreversible anti-proliferative state through apoptosis, necrosis or senescence. Although the link between mitotic arrest and cell death is well established, details of the molecular mechanisms that bridge these independent processes are only beginning to emerge.^[@bib1],\ [@bib2],\ [@bib3]^ MTAs induce mitotic catastrophe that is accompanied by mitotic arrest, and we have previously shown that the cell death induced is accompanied by features of apoptosis including loss of mitochondrial membrane potential and oligonucleosomal DNA fragmentation; however, cell death was not dependent on the activation of caspases.^[@bib42]^ In this study we provide new insight into the molecular regulation of death following mitotic arrest.

Previous reports have shown that Cdk1 is an important instigator of cell death following mitotic catastrophe by directly phosphorylating cell death substrates. Cdk1 phosphorylates and inactivates pro-survival Bcl-2 proteins, Bcl-2, Bcl-Xl and Mcl-1, during prolonged arrest, thus blocking their death inhibitory effects.^[@bib36],\ [@bib37]^ Furthermore, Cdc2 phosphorylation of the pro-apoptotic BH3-only protein Bad activates cell death in post-mitotic neurons,^[@bib38]^ and Cdk1-dependent hyperphosphorylation of Bim on serine 44 is associated with cell death in haematopoietic cells.^[@bib28]^ The extent of Cdk1 induced phosphorylation of caspase-2 and caspase-9 during mitotic arrest also influences the outcome of mitotic catastrophe, although mitotic catastrophe can occur in the absence of caspase activation.^[@bib39],\ [@bib40],\ [@bib41],\ [@bib42]^ Thus, Cdk1 has a key role in balancing survival and cell death signals to dictate cell fate during mitotic arrest. Recent evidence indicates that Plk1 phosphorylation of FADD is required for Taxol-induced death, implicating a second mitotic kinase during mitotic catastrophe.^[@bib15]^

In this study we provide evidence that the co-operative action of Cdk1 and Plk1 towards the novel substrate PTP1B during mitotic arrest is important for mitotic cell death. PTP1B is phosphorylated in a dose- and time-dependent manner, following treatment of tumour cells with Nocodazole and Taxol. PTP1B phosphorylation correlates with the accumulation of mitotically arrested cells and precedes the onset of mitotic cell death induced by the MTAs. This data correlates with a previous report of PTP1B phosphorylation in HeLa cells following treatment with Nocodazole; however, the functional significance of this phosphorylation was not determined.^[@bib43]^

We have shown that the phosphorylation of PTP1B is blocked by pharmacological inhibition of Cdk1 and Plk1 during mitosis. It was noted that inhibition of Cdk1 completely blocked PTP1B phosphorylation at all the time points tested, whereas the inhibition of Plk1 only partially blocked PTP1B phosphorylation. This pattern suggests that Cdk1 activity may be a prerequisite for Plk1 activity. The finding that both Cdk1 and Plk1 interact with PTP1B during mitosis, while only Cdk1 directly phosphorylates PTP1B in a single-step kinase assay further supports the hypothesis. Moreover, the finding that pre-incubation of PTP1B with Cdk1 enables the phosphorylation by Plk1 *in vitro*, confirmed that Plk1 phosphorylation is dependent upon a priming phosphorylation by Cdk1.

The discovery that PTP1B is localised to the ER and mitochondria in K562 cells is in agreement with previous reports that PTP1B is localised at the outer surface of the ER^[@bib29]^ and at the mitochondria in rat brain cells, where it participates in src regulation.^[@bib30]^ Our finding that PTP1B phosphorylation was completely blocked in cell extracts prepared following Cdk1 inhibition, suggests that Cdk1 does not discriminate between ER and mitochondrial pools of PTP1B. Many proteins including pro- and anti-apoptotic Bcl-2 proteins are found at the mitochondrion and the ER and facilitate crosstalk between the two compartments during ER-stress-induced apoptosis.^[@bib44],\ [@bib45]^ Furthermore, the ER and mitochondrial outer membranes are contiguous via a region termed the mitochondria-associated ER membrane, and recent studies suggest that contacts between the mitochondria and ER can propagate cellular signals by the transfer of calcium and lipids between the organelles.^[@bib46],\ [@bib47]^

Analysis of the PTP1B sequence revealed the presence of a putative proline-directed serine/threonine phosphorylation site at serine 386 and a cyclin-binding motif, together with two Plk1 phosphorylation sites at serine 286 and 393. In this study it was found that non-phosphorylatable or phosphomimetic S386 mutants are unable to accept a free phosphate group *in vitro*. In addition, mutation of the cyclin-binding site at L317 within PTP1B abrogates Cdk1-mediated phosphorylation *in vitro*. Mutation of either of the two Plk1 phosphosites (serine 286 and 393) to a non-phosphorylatable form significantly reduced PTP1B phosphorylation, following Cdk1 priming and almost complete inhibition was achieved with the S286/S393 double mutant, indicating that Plk1 phosphorylates PTP1B at these two sites, following a priming phosphorylation by Cdk1. Moreover, the PTP1B S386E phosphomimetic mutant was sufficient to allow Plk1 phosphorylation of PTP1B in the absence of a priming incubation with Cdk1, thereby confirming the priming role of phosphorylated serine 386.

This data is in agreement with other reports where Cdk1-dependent phosphorylation acts as a crucial priming step for Plk1 phosphorylation. Examples include the mitotic regulators BubR1 and FoxM1,^[@bib31],\ [@bib32]^ the centrosome proteins Cep55 and Nedd1^[@bib33],\ [@bib34]^ and the filament protein vimentin.^[@bib35]^ Thus, we add PTP1B to the list of proteins that undergo phosphorylation by the co-operative action of Cdk1 and Plk1.

To date, investigations into the role of phosphatases in mitotic cell death signalling have focused on the serine/threonine phosphatases, namely PP1 and PP2A that antagonise Cdk1 activity and dephosphorylate cell death substrates.^[@bib48],\ [@bib49]^ We hypothesised that the co-ordinate phosphorylation and regulation of PTP1B by two major mitotic kinases may serve as an important regulator of cell survival and cell death signals. In support of this, it was found that overexpression of WT PTP1B is sufficient to induce cell death in K562 cells, which is the first such report in human tumour cells and is consistent with reports in immortalised murine adipocytes and hepatocytes.^[@bib17],\ [@bib20]^ Furthermore, cell death induced by WT PTP1B was potentiated in the presence of Taxol and Nocodazole. The role of phosphorylated serine 286 and 393 in the induction of cell death was investigated. The unphosphorylatable S286A mutant abrogated cell death induced by PTP1B expression, whereas the S393A mutant induced cell death to a similar level as WT PTP1B. Furthermore, while the expression of WT PTP1B sensitised K562 cells to MTA-induced death as discussed earlier, this was reversed by overexpression of the S286A mutant, but not the S393 mutant. Collectively, this data reveals the importance of phosphorylated serine 286 in cell death induced by PTP1B following failed mitosis.

The effect of serine 286 phosphorylation on PTP1B phosphatase activity was investigated, and it is shown that phosphorylation of serine 286 increases its phosphatase activity, whereas phosphorylation of serine 393 does not. Thus, this study reveals that the co-ordinate action of Cdk1 and Plk1 during mitotic arrest promotes mitotic cell death by the direct phosphorylation and activation of the tyrosine phosphatase PTP1B. It is possible that phosphorylation on serine 286 induces a conformational change in PTP1B that facilitates the interaction and dephosphorylation of downstream substrates to elicit mitotic cell death. Additional studies to identify cell death-specific PTP1B substrates will provide important insight into its death promoting activity.

PTP1B exerts both oncogenic and tumour-suppressive effects, which has been attributed to genetic and epigenetic modifications within the *PTP* genes.^[@bib50]^ We demonstrate a post translational mechanism that enhances PTP1B phosphatase activity and tumour-suppressive action in tumour cells. The localisation of PTP1B to the ER and mitochondrion positions it as a potential mediator of numerous cell death signals as well as potential roles in the regulation of redox metabolism. This study also reveals that phosphorylation of PTP1B on serine 393 does not promote its phosphatase activity and is not required for PTP1B-mediated cell death. It is possible that phosphorylation on serine 393 is important in the anti-apoptotic function of PTP1B. Thus, the discrete phosphorylation signature described in this study provides a molecular understanding of the paradoxical roles of PTP1B in tumourigenesis.

Materials and Methods
=====================

Antibodies and recombinant proteins
-----------------------------------

All commercial antibodies were purchased from the following; secondary anti-mouse and anti-rabbit HRP-conjugated secondary antibodies (Cell Signaling Technology, Inc., Danvers, MA, USA); anti-Bim antibody (Alpha Technologies Ltd., Wicklow, Ireland); anti-PTP1B and anti-BubR1 antibodies (BD Biosciences, Franklin Lakes, NJ, USA); anti-MnSOD antibody (Enzo Life Sciences (UK) Ltd., Exeter, UK); anti-Cdk1 antibody and anti-Plk1 antibodies (Santa Cruz Biotechnology Inc., Heidelberg, Germany), anti-GAPDH antibody (Millipore Corporation, Billerica, MA, USA). The active kinases Cdk1/cyclin B and Plk1 were purchased from Millipore Ireland, and Cdc25C phosphatase was purchased from Enzo Life Sciences.

Plasmid production
------------------

Full-length PTP1B was amplified by standard PCR methods and sub-cloned into either the pEGFP-c1 vector (Clontech-Takara Bio Europe, Saint-Germain-en-Laye, France), or the pRSET-C 6xHis-tag vector (Invitrogen, Carlsbad, CA, USA). Mutant PTP1B-GFP and PTP1B-His constructs were created from these templates using a Quik change kit, as directed by the manufacturer (Stratagene, La Jolla, CA, USA).

Cell culture, treatment and transfection
----------------------------------------

K562 and KYO1 chronic myelogenous leukemia cells were grown in suspension in RPMI 1640 medium supplemented with 2 mM ℒ-glutamine, penicillin (100 *μ*g/ml), streptomycin (100 *μ*g/ml) and foetal bovine serum (10% (v/v)). Cells were incubated at 37 °C, with CO~2~ (5%) and O~2~ (95%). K562 cells were transfected with PTP1B--pEGFP-c1 vector and mutants, using the Nucleofector II 96-well shuttle system (Lonza Group Ltd., Basel, Switzerland), as directed by the manufacturer. All drug stocks were prepared in 100% DMSO, and unless otherwise stated cells were treated with the following reagents at the indicated concentrations; DMSO (0.1% v/v), nocodazole (1 *μ*M), taxol (1 *μ*M), BI2536 (20 *μ*M), RO-3306 (9 *μ*M), CK2 inhibitor II (20 *μ*M), for the indicated time points.

Immunoblot analysis and immunoprecipitation
-------------------------------------------

After treating with different conditions as described in the figures 1, 2 and 5 legends, the cells were lysed in RIPA buffer (20 mM Tris, pH 7.6, 0.5% NP-40, 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 2 mM dithiothreitol, 0.5 mM PMSF, 20 mM *β*-glycerophosphate, 1 mM sodium orthovanadate, and 1 mg/ml leupeptin). For immunoblots, 50 *μ*g of the lysates was fractionated by SDS-PAGE, probed by western blotting with the relevant antibody, and visualised by enhanced chemiluminescence (Thermo Fisher Scientific, Waltham, MA, USA).

For immunoprecipitation assays, the cells were collected in RIPA buffer after treatments as described in the figures 2 and 3 legends. An amount of 1.5 mg of protein from the resulting lysates was precipitated with 2 *μ*g of the relevant antibody and protein A/G-sepharose beads by incubation at 4 °C overnight. Immunoprecipitates were washed three times with RIPA buffer and the bound proteins were resolved in 10% SDS-PAGE gels for immunoblot analysis with the relevant antibodies.

Recombinant protein production and purification
-----------------------------------------------

PTP1B--pRSET-C plasmid construct and mutants was transformed into SoluBL21 *Escherichia coli* (Amsbio, Lake Forest, CA, USA), and heterologous protein expression was induced by culture in auto-induction medium (Formedium, Norfolk, UK), at 37 °C for 24 h. Recombinant PTP1B-His protein was solubilised in sarkosyl lysis buffer (50 mM Tris, 300 mM NaCl, 5 mM ZnCl~2~, 1% sarkosyl, 2% Triton X-100 and 20 mM CHAPS), and purified using HisPur Ni-NTA column, by elution in 100 mM imidazole in PBS, as directed by manufacturer (Thermo Fisher Scientific). Imidazole was removed from solutions by dialysis against 3 × 200 × volumes of PBS, using Slide-a-Lyzer dialysis cassettes (Thermo Fisher Scientific)

*In vitro* kinase assay
-----------------------

Kinase assays were set up by adding 500 ng PTP1B-His (WT or mutants) to kinase reaction buffer (50 mM HEPES, pH 7.5, 10 mM MgCl~2~, 2.5 mM EGTA, 0.1 mM dithiothreitol, and 0.1 mM sodium orthovanadate) containing ATP (100 *μ*M), 2 *μ*Ci of \[*γ*-^32^P\] ATP and recombinant Cdk1/cyclin B or Plk1 kinases (110--460 ng) for 1 h at 30 °C. The reaction was stopped by adding Laemmli buffer to 1 × concentration, and protein was resolved by SDS-PAGE and visualised by staining with CBB. The incorporation of \[*γ*-^32^P\] ATP was visualised by exposure to X-ray film for at least 24 h at −80 °C.

Determination of cell death
---------------------------

Cells were harvested by centrifugation and fixed in ice-cold ethanol (70% v/v) at 4 °C overnight prior to flow cytometry analysis. Fixed cells were resuspended in PBS containing 1 *μ*g/ml propidium iodide and 30 *μ*g/ml RNAse A, incubated at 37 °C for 1 h, and analysed using the Cyan ADP flow cytometer (Beckman Coulter Inc., Brea, CA, USA).

Fluorescent imaging
-------------------

K562 cells were transfected with PTP1B--pEGFP-c1 plasmid, and incubated at 37 °C for 24 h. Cells were then incubated with 100 nM MitoTracker dye (Invitrogen) for 10 min before cytocentrifugation onto a glass slide. Cells were then stained with DAPI (1 *μ*g/ml) for 20 s, and washed in PBS. Coverslips were affixed with fluorescent mounting medium (Dako, Glostrup, Denmark), and cells were visualised using the AxioImager 2 fluorescent microscope (Zeiss, Oberkochen, Germany).

Phosphatase assay
-----------------

Purified recombinant PTP1B-His and phosphomimetic mutants (PTP1B-His S286E, S393E, S286E/S393E) were examined for altered phosphatase activity, using an *in vitro*, colorimetric assay of substrate dephosphorylation (Takara Bio Inc., Shiga, Japan) and recombinant Cdc25C phosphatase as a standard.
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![PTP1B undergoes phosphorylation during mitotic arrest induced by Taxol (TAX) and Nocodazole (NOC). K562 and KYO1 cells were untreated (UNT), treated with DMSO (0.1% v/v; VEH) and (**a**) increasing concentrations of NOC and TAX (0.01--1 *μ*M) for 12 h or (**b**) NOC (1 *μ*M) and TAX (1 *μ*M) for the indicated time points. Whole-cell extracts (WCEs) were prepared and equal amounts of protein were resolved by SDS-PAGE and probed with anti-PTP1B antibody and anti-GAPDH antibody was used as a loading control. (**c**) K562 cells were treated with DMSO (0.1% v/v), NOC (1 *μ*M) or TAX (1 *μ*M) for 12, 24, 36 and 48 h. DNA content was analysed by flow cytometry following propidium iodide (1 *μ*g/ml) staining and the percentage of cells containing 4n and \<2n DNA was calculated. (**d**) K562 cells were either left UNT or treated with DMSO (0.1% v/v), NOC (1 *μ*M) or TAX (1 *μ*M) for 12 h. Ultracentrifugation was used to separate mitochondrial, microsomal, and cytosolic fractions, and a WCE was retained as a control. Equal amounts of protein were resolved by SDS-PAGE, and probed with anti-PTP1B antibody by western blotting. Anti-calnexin, anti-GAPDH and anti-MnSOD antibodies were used as a microsomal, cytosolic and mitochondrial markers, respectively. (**e**) K562 cells were transfected with pEGFP-c1-PTP1B (1 *μ*g) and incubated at 37 °C for 24 h prior to staining with DAPI (1 *μ*g/ml) and MitoTracker (100 nM), and images were acquired by fluorescent microscopy. (**f**) K562 cells were treated either DMSO (0.1% v/v) or TAX (1 *μ*M) for 12 h. Mitochondrial protein (50 *μ*g) was incubated with CIP for 30 min at 37 °C, in the absence or presence of the Na~3~VO~4~. Protein was resolved by SDS-PAGE and probed with anti-PTP1B antibody. Anti-MnSOD antibody was used as a mitochondrial loading control](cddis2012208f1){#fig1}

![Cdk1 co-immunoprecipitates with PTP1B and phosphorylates it at serine 386. (**a**) K562 cells were synchronised at the G1/S border using a double thymidine block. At 1 h post-release, cells were treated with DMSO (0.1% v/v) or Taxol (TAX) (1 *μ*M) in the absence or presence of BI2536 (BI) (20 *μ*M), CK2 inhibitor (CK) (20 *μ*M) or RO-3306 (RO) (9 *μ*M) for a 2 h period beginning at 8, 9 or 10 h post-thymidine release. Protein was resolved by SDS-PAGE and probed with PTP1B, Bim, BubR1, and GAPDH antibodies. (**b**) PTP1B was immunoprecipitated from either untreated interphase (I) or mitotically-synchronised (M) K562 cells. Protein was resolved by SDS-PAGE and probed with anti-Cdk1 antibody. A portion (10%) was retained and probed with PTP1B to confirm immunoprecipitation. Blue arrow indicates PTP1B protein, red arrow indicates antibody heavy chain. (**c**) Purified recombinant WT-PTP1B-His (500 ng) was incubated with increasing amounts of recombinant Cdk1/cyclin B1 (0--460 ng), 2 *μ*Ci of \[*γ*-^32^P\] ATP, ATP (100 *μ*M), at 30  °C for 1 h. The reaction was terminated by the addition of Laemmli buffer to 1 × concentration. (**d**) Purified recombinant PTP1B-His (WT, S386A, S386E, and L317G) (500 ng), was incubated with recombinant Cdk1/cyclin B1 (200 ng), ATP (100 *μ*M) and 2 *μ*Ci of \[*γ*-^32^P\] ATP for 1 h at 30 °C. The reaction was terminated by the addition of Laemmli buffer to 1 × concentration. Protein was resolved by SDS-PAGE, and \[*γ*-^32^P\] incorporation was measured by autoradiography after gel drying. The amount of Plk1 and PTP1B was visualised by CBB staining. (**e**) Amount of \[*γ*-^32^P\] incorporation in (**d**) was normalised to WT PTP1B levels and expressed as normalised intensity of \[*γ*-^32^P\] incorporation. Results are representative of the mean±S.E.M. of three independent experiments ( \*=*P*\<0.05, \*\*=*P*\<0.01, using a paired *T*-test)](cddis2012208f2){#fig2}

![Plk1 phosphorylates PTP1B following a priming phosphorylation by Cdk1. (**a**) PTP1B and (**b**) Plk1 were immunoprecipitated from mitotically-synchronised K562 cells. Immunoprecipitated protein was resolved by SDS-PAGE and probed with Plk1 or PTP1B, respectively. In each case a portion of the sample was retained to confirm immunoprecipitation. Blue arrow indicates PTP1B, red arrow indicates antibody heavy chain. (**c**) Purified recombinant WT-PTP1B-His (500 ng) was incubated with increasing amounts of recombinant Plk1 (0--460 ng), 2 *μ*Ci of \[*γ*-^32^P\] ATP, and ATP (100 *μ*M), at 30 °C for 1 h. The reaction was terminated by the addition of Laemmli buffer to 1 × concentration. As a control, Plk1 (460 ng) was incubated with either WT-PTP1B-His (500 ng) or Cdc25C (500 ng) and 2 *μ*Ci of \[*γ*-^32^P\] ATP, and ATP (100 *μ*M), at 30 °C for 1 h, as before. (**d**) Purified WT-PTP1B-His (500 ng) was incubated in a one-step kinase assay either alone (NEG) or in the presence of Cdk1 (460 ng) or Plk1 (460 ng) for 1 h at 30 °C (lanes 1--3) or pre-incubated with Cdk1 (460 ng) or Plk1 (460 ng) prior to incubation with the alternate kinase, 2 *μ*Ci of \[*γ*-^32^P\] ATP and ATP (100 *μ*M) in a two-step kinase assay as outlined (lanes 4--5). The reaction was terminated by the addition of Laemmli buffer. Protein was resolved by SDS-PAGE, and \[*γ*-^32^P\] incorporation was measured by autoradiography after gel drying. The amount of Plk1 and PTP1B was visualised by CBB staining. Results are representative of three independent experiments](cddis2012208f3){#fig3}

![Cdk1-mediated phosphorylation of serine 386 is an essential priming step for Plk1-mediated phosphorylation at serine 286 and 393. (**a**) Purified recombinant PTP1B-His (WT, S386A, S386E) (500 ng), or Cdc25C (500 ng), was incubated with recombinant Cdk1/cyclin B1 (200 ng), ATP (100 *μ*M) and 2 *μ*Ci of \[*γ*-^32^P\] ATP for 1 h at 30 °C. The reaction was terminated by the addition of Laemmli buffer to 1 × concentration. (**b**) Purified PTP1B-His (WT, or S386A, S286A, S393A, and S286A/S393A mutants) (500 ng) was incubated with ATP (100 *μ*M), in the presence of Cdk1 (460 ng) at 30 °C for 1 h. The reaction was terminated by incubation at 65 °C for 15 min. The reaction samples were chilled on ice for 5 min, and then incubated with Plk1 (460 ng), 2 *μ*Ci of \[*γ*-^32^P\] ATP and ATP (100 *μ*M), for a subsequent kinase reaction at 30 °C for 1 h. The reaction was terminated by the addition of Laemmli buffer. Protein was resolved by SDS-PAGE, and \[*γ*-^32^P\] incorporation was measured by autoradiography after gel drying. The amount of PTP1B was visualised by CBB staining. (**c**) The amount of \[*γ*-^32^P\] incorporation was normalised to WT PTP1B levels, and expressed as normalised intensity of \[*γ*-^32^P\] incorporation. Results are representative of the mean±S.E.M. of three independent experiments (*n*=3, \*=*P*\<0.05, \*\*=*P*\<0.01, using a paired *T*-test)](cddis2012208f4){#fig4}

![PTP1B phosphorylation regulates mitotic cell death and PTP1B phosphatase activity. K562 cells (1 × 10^6^) were transfected with pEGFP-c1 empty vector (1 *μ*g), WT PTP1B-EGFP-c1 (1 *μ*g), or S286A, S393A, and S286A/S393A mutants (1 *μ*g). Twenty-four hours post-transfection, cells were harvested and WCEs were prepared in RIPA lysis buffer. Equal amounts of protein (50 *μ*g) were resolved by SDS-PAGE and probed with anti-PTP1B antibody. Anti-GAPDH was used as a loading control (**a**). Transfected cells were treated with DMSO (VEH; 0.1% v/v), Nocodazole (NOC; 1 *μ*M) or Taxol (TAX; (1 *μ*M) for 24 h (**b-d**). DNA content was analysed by flow cytometry following propidium iodide staining. Results represent the mean±S.E.M. of three independent experiments (\**P*≤0.05). (**e**) Purified recombinant PTP1B (WT, S286E, S393E, and S286E/S393E) (500 ng), were diluted 1 : 1 in phosphatase reaction buffer and incubated in duplicate with a well-coated poly-(Glu, pTyr) substrate for 1 h at 37 °C. Dephosphorylation of substrate was measured by incubation with an anti-pTyr antibody conjugated to HRP enzyme for 30 min at 37 °C, followed by reaction with the colorimetric HRP substrate TMBZ. The HRP reaction was stopped after 15 min incubation at 37 °C, by the addition of 6N H~**2**~SO~**4**~, and absorbance at 450 nm was measured. Absorbance values were normalised to units of phosphatase activity by comparison against the standard curve, and results were expressed as units/μg of PTP1B. Results represent the mean±S.E.M. of three independent experiments (\**P*≤0.05)](cddis2012208f5){#fig5}
